Legumes may also be used to extend the production season in the cool-and warm-season grass pastures.
M
any producers use or want to adopt native, warmance. This analysis has typically been used by plant season grasses for pasture. In the southern Great and animal breeders to estimate combining abilities of Plains, native, warm-season grasses begin growth in breeding lines using variance components (Griffing, early to mid-April and provide excellent forage until 1956). We used this approach to estimate combining abilithe end of June. On rangelands consisting primarily of ties of binary mixtures of grasses and legumes (Springer big bluestem, cattle weight gains of 1.0 kg head Ϫ1 d Ϫ1 et al., 1996) . from April to June are common (Owensby and AnderProducers need information concerning combining son, 1967). As plants form reproductive tillers, generally abilities for cool-and warm-season species presently in July or August, forage becomes less palatable and grown or having the potential of being grown for forage. nutritious; consequently, animal gains decline. By OctoIn other regions, laboratory, greenhouse, and field studber, dietary supplements are needed to avoid weight ies have shown allelopathic and competitive effects of loss. One approach to enhance pasture forage productall fescue (Festuca arundinacea Schreb.) and white clotion and maintain quality is to over-seed grass pastures ver (Trifolium repens L.) toward other species (McCloud with one or more forage legume species. Forage legumes and Mott, 1953; Peters, 1968; MacFarlane et al., 1982 ; provide a renewable source of nitrogen for plant growth Springer et al., 1996; Springer, 1996) . Compatibility has and quality forage for grazing livestock (Hoveland, 1989) .
been shown for tall fescue with either birdsfoot trefoil or white clover (Pederson and Brink, 1988 species. Our objective was to estimate the combining The lack of significant regrowth due to rainfall deficits after ability effects for native, warm-season grasses and lethe June harvest each year precluded another harvest. The gumes grown in binary mixtures in the field.
long-term average rainfall for the site is 10.6 cm in July and 7.7 cm in August. In 1996, rainfall was 4.0 cm above average in July and 4.0 cm below average in August. Although above
MATERIAL AND METHODS
average rainfall fell in July 1996, 36% was recorded in the This study was conducted at the USDA-Agricultural Resecond week of July and 59% in the fourth week of July. (SAS Institute, 1988) . Data were analyzed separately K, and 2.5 Mg ha Ϫ1 of lime were incorporated into the soil for each year when year effects or year ϫ treatment interacusing a disk (16 cm). The source of the nutrients was a blended tions were present (P Յ 0.05). Comparisons of means were fertilizer (13-13-13, N-P-K) and dolomitic limestone. Before made by Fisher's (protected) least significant difference (LSD) transplanting, the plot area was disked to kill weeds and levat P Յ 0.05 (Steel and Torrie, 1980) . eled with a harrow.
The combining abilities of species and species mixtures The species studied were 'Kaw' big bluestem, 'Alamo' switchwere determined by a combining ability analysis of variance grass, 'Osage' indiangrass, 'Sabine' Illinois bundleflower, 'Ka-(Griffing, 1956 ) Method 4, Model 1 procedure and PROC noka' roundhead lespedeza, and common slender lespedeza.
GLM (SAS Institute, 1988) . By definition, the general combinSeeds of each species were germinated and grown in cavity ing ability (GCA) is the mean performance of a species when seedling trays (196 cavities tray Ϫ1 ) and maintained in a greenexpressed as a deviation from the overall mean of all species house before field planting. Legume seeds were inoculated combinations. The specific combining ability (SCA) is the with specific Rhizobium before germination. deviation of the "expected" value (the overall mean plus the In April 1995, each species was transplanted by hand into sum of the GCAs of the two species in mixture) from the mean field plots on 15-cm centers. Mixtures were planted at a 1:1 value of the two species in mixture. Similar to the concept of ratio alternating species within and between rows. Treatments "Relative Yield Total" as summarized by Harper (1977) , we consisted of the six pure stands and fifteen mixed stands. All defined an SCA effect ϭ 0 to indicate a competition between combinations of species mixtures were used, i.e., grass with species, e.g., the species make similar demands on resources. grass, grass with legume, and legume with legume. The field When the SCA effect ϭ 0, each species contribution to the plot design was a randomized complete block replicated four mixture is equal to its expected share. We defined an SCA times with individual plots 1.2 by 1.4 m in size. During the effect Ͼ 0 to denote a compatibility between species, e.g., the establishment year, plots were maintained weed-free by hoespecies avoided competition by making different demands on ing and dead plants were replaced to maintain plant popuresources. When SCA effect Ͼ 0, each species contribution lations.
to the mixture is greater than its expected share. An SCA In early March 1996 and 1997, before the initiation of new effect Ͻ 0 suggested an incompatibility between species, e.g., growth, residual dry-matter (DM) was removed from plots by the species interact with each other. When SCA effect Ͻ 0, burning. In mid-March each year, a broadcast fertilization of each species contribution to the mixture is less than its ex-P and K was applied at a rate of 67 kg ha Ϫ1 to all plots. The pected share. source of P was triple superphosphate (0-46-0, N-P-K) and the source of K was potash (0-0-60, N-P-K). At the same time, grass-only plots received 67 kg ha Ϫ1 of N as ammonium nitrate
RESULTS AND DISCUSSION
(34-0-0, N-P-K).
Variation due to mixtures and year ϫ mixture interacPlots were harvested in the last week of June 1996 and tions were found for DMY, CPC, and IVDMD (P Յ 1997. Grasses were in the boot (R0) to early inflorescence 0.05). Dry-matter yields of grass mixtures were generally emergence (R1) stage of growth at harvest (Moore et al., 1991) . The forage DMY of each plot was determined by harthree to four times greater than legume mixtures and vesting the entire plot to a stubble height of 10 cm. The plot grass-legume mixtures were generally equal to or was weighed fresh and a 250 to 300 g subsample of forage was greater than legume mixtures ( The difference between our experiments is possibly due Illinois bundleflower in mixtures increased from 1996 to 1997 (Table 2 ). This increase was from increases in † BB, big bluestem; SG, switchgrass; IG, indiangrass; IB, Illinois bundleflower; RL, roundhead lespedeza; SL, slender lespedeza.
plant size as well as seedling recruitment. The harvest height of 10 cm allowed for some flowering and seed production on the lowest branches of Illinois bundleto soil fertility. The soil of their experiment site was low flower. The year ϫ GCA interaction for CPC resulted in available NO 3 -N. The soil of our site was amended from magnitude differences among species (P Յ 0.01). with NO 3 -N before planting and a maintenance fertiliza-
The trends from 1996 to 1997 were the same, where tion of NO 3 -N was added to grass plots each year.
grass species had positive GCAs for DMY and negative Crude protein concentrations averaged 122 g kg Ϫ1 for GCAs for forage quality and legumes had negative legume pure stands, 132 g kg Ϫ1 for legume mixtures, 57 GCAs for DMY and positive GCAs for forage quality g kg Ϫ1 for grass-legume mixtures, 46 g kg Ϫ1 for grass (Table 3 ). The year ϫ GCA interaction for IVDMD mixtures, and 50 g kg Ϫ1 for grass pure stands (Table 1) . was probably caused by the decrease in IVDMD for Crude protein concentrations averaged 90 g kg Ϫ1 for Illinois bundleflower and increases in IVDMD for grass-legume mixtures and 38 g kg Ϫ1 for grass pure roundhead lespedeza and slender lespedeza in 1996 stands in the study by Posler et al. (1996) . Grass-legume compared to 1997 (P Յ 0.01, see Table 1 under "Pure mixtures in our study had equal plant populations (50% stands"). grass, 50% legume) because plots were planted by hand.
Specific combining ability effects for DMY were Grass-legume mixtures in their study had unequal plant found for switchgrass-legume mixtures (P Յ 0.1) and populations because plots were seeded directly. Greater indiangrass-Illinois bundleflower mixtures (P Յ 0.1, Tacontributions of legumes in DMY of mixtures could ble 4). Posler et al. (1993) observed that Illinois bunaccount for the greater CPC found in grass-legume mixdleflower was quite competitive with switchgrass and tures in their study. Crude protein concentrations for indiangrass. The data in our experiment, analyzed with grass pure stands in our study were greater probably because grass plots were fertilized with NO 3 -N each year.
the combining ability analysis, suggested that Illinois bundleflower was compatible with both grass species In vitro digestion averaged 542 g kg Ϫ1 for legume pure stands, 575 g kg Ϫ1 for legume mixtures, 539 g kg Ϫ1 (P Յ 0.1). The earlier discussion on differences in plant populations between the two experiments and the fact for grass-legume mixtures, 529 g kg Ϫ1 for grass mixtures, and 548 g kg Ϫ1 for grass pure stands (Table 1) . In vitro that Illinois bundleflower has excellent seedling vigor, which may give it a competitive advantage when direct digestion averaged 480 g kg Ϫ1 for grass-legume mixtures and 475 g kg Ϫ1 for grass pure stands in the study by seeded with these grasses, may explain the different conclusions. Posler et al. (1996) . Although our overall data are 50 to 100 g kg Ϫ1 greater in IVDMD, neither study found Specific combining ability effects for CPC were found for all species combinations (P Յ 0.01 for all species appreciable differences between the digestibilities of grass-legume mixtures and grasses in pure stands.
combination except indiangrass-Illinois bundleflower where it was P Յ 0.09) and were positive for mixtures protein, P Յ 0.05). As stated earlier, those species combinations with significantly high SCA were considered of grasses or legumes and negative for grass-legume mixtures (Table 4 ). The negative SCAs for the grasscompatible with each other. The SCA effect for this mixture could be attributed to its higher CPC and higher legume mixtures can be explained by unequal contributions of forage in the samples. In grass-legume mixtures, than expected DMY. On the basis of partial correlation coefficients, CPC was more closely associated with total the forage was dominated by the grass component. The mixture of switchgrass-Illinois bundleflower averaged forage protein of indiangrass-Illinois bundleflower (partial R 2 ϭ 0.67, P Ͻ 0.01) than was DMY (partial R 2 ϭ 76% grass and 24% legume (Table 2 ). This resulted in lower CPCs than would be expected if the sample were 0.32, P Ͻ 0.01). Year ϫ SCA effects (P Յ 0.02) were found only equally represented by both components in the mixture. For indiangrass-Illinois bundleflower, the components for IVDMD. Several factors could be involved in this interaction. The most obvious are the differences in were more equally represented in the mixture, averaging 59% indiangrass versus about 41% Illinois bundleflower digestibilities among the pure stands of legumes as discussed earlier for year ϫ GCA interactions. Overall, no (Table 2) .
For calculated total forage protein (DMY times trend was observed for SCA effects for IVDMD and the only significant grass-legume mixture was indi-CPC), the only significant SCA effect was indiangrassIllinois bundleflower (SCA effect ϭ 100 kg ha Ϫ1 crude angrass and Illinois bundleflower (Ϫ24 g kg
Ϫ1
, Table 4 ). Significantly different from zero (0) at P Յ 0.1*; 0.05**; and 0.01***. † BB, big bluestem; SG, switchgrass; IG, indiangrass; IB, Illinois bundleflower; RL, roundhead lespedeza; SL, slender lespedeza.
However, four grass-legume combinations show signifieffect ϭ Ϫ70, P Յ 0.15). Providing information on specant SCA effects for calculated total digestible forage cific combining abilities for species mixtures would allow (DMY times IVDMD, Table 4 ). We could attribute the producers to choose species for their forage program. SCA effects for these mixtures to higher than expected DMYs. On the basis of partial correlation coefficients, REFERENCES DMY was more closely associated with total digestible with Alamo switchgrass did show some promise in the 
